Introduction
[2] In order to fully resolve the potential impact of man-made CO 2 emission on the Earth's climate, it is crucial to improve our understanding of the natural climate variability on decadalcentennial timescales. In addition, it is particularly important to obtain a detailed knowledge of the link between terrestrial and marine climate change in order to determine the climatic coupling between the oceans and atmosphere. Over the last two decades researchers have presented extensive evidence of long-term climate change on millennial timescales during both glacial and interglacial time periods all over the globe [e.g., Imbrie et al., 1992; Anderson and Prell, 1993; Tiedemann et al., 1994; Clemens and Tiedemann, 1997; Schneider et al., 1997] . Natural climate change on timescales relevant to human life times (decadal-centennial), however, has received comparably little attention. Using deep sea sediments from the Arabian Sea, this study concentrates on the Early Holocene time interval, which is a predestine time period in which to assess the natural variability of Earth's climate because it was a warmer period than today.
[3] High-resolution studies from the Early Holocene period are rare in the Arabian Sea area. Neff et al. [2001] , using a stalagmite record from the Hoti Cave (Oman), attributed decadal-centennial scale climate variations in the monsoonal system to changes in solar insolation. On a regional scale, however, there are no records that assess the link between climate records from the ocean and the continent. Such records are important to help fully understand the coupled oceanicatmospheric processes that control the regional monsoonal system, which is one of the most vulnerable parts of Earth's climate. Here we present a decadal-centennial scale climate history recorded in sediments from the Arabian Sea off Somalia in order to assess the natural variability of the West-Asian monsoon system. A comparison of the present results with a nearby terrestrial climate record implies regional coherent monsoon variations on a decadal-centennial timescale.
Modern Monsoon Dynamics in the Arabian Sea: The Hemispheric Control
[4] Today the monsoon circulation in the Arabian Sea at the site of Core 905 is controlled by the seasonally varying insolation distribution, which affects the key atmospheric pressure elements in the region. The position of the Inter Tropical Convergence Zone (ITCZ) causes a ''hemispheric'' impact on the climate in the western Arabian Sea. During northern hemisphere winter the ITCZ is located around the equator, and the major climate elements are shifted far southward. Hence northern hemisphere components dominate during this season. The atmospheric pressure difference between high-pressure polar air masses over the Eurasian continent and the low pressure ITCZ results in the NE-monsoon winds. In contrast, during summer all major pressure systems are shifted northward into the Arabian Sea, and accordingly southern hemisphere components dominate the climate. The atmospheric pressure gradient between the high-pressure cell over the southern Indian Ocean and the low-pressure zones in the northern Arabian Sea (ITCZ) and over the Indian subcontinent results in the summer SWmonsoon winds (Figure 1 ). Off Somalia these winds induce intense ocean upwelling of nutrientrich subsurface water masses from $200 to 250 m depth [Wyrtki et al., 1988] . The SW-monsoondriven air masses were also the sources for the Early Holocene precipitation over the Arabian Peninsula recorded in the Hoti Cave [Neff et al., 2001] . Hence the upwelling history off Somalia and the precipitation variation over Oman both reflect climate variations controlled by the monsoon in the Arabian Sea region. Given the delicate balance of the airflow in the monsoonal system, past climate variations may have been sensitively recorded in sediments from this area.
Methods
[5] Piston Core 905 was retrieved from a water depth of 1580 m offshore Somalia during the Netherlands Indian Ocean Program (NIOP) in 1993 (Figure 1 ). On the basis of an initial age model [Jung et al., 2001] O-record of the planktic foraminifer G. bulloides, although sometimes close to the detection limit of the method, reflect the natural variability off Somalia. [7] In order to assess the realistic error in the age determination, multiple AMS 14 C-analyses on three planktic foraminifer species (G. ruber, G. bulloides, N. dutertrei) were performed on 7 individual samples (Table 1) The mean and the two-sigma ranges of the calibrated ages were calculated using revision 4.3 of the software program CALIB. CALIB 4.3 uses the marine98 data set [Stuiver et al., 1998 ]. In order to account for a higher reservoir age, a dR (difference between regional and world ocean reservoir age) of 200±50 years was used. For further explanation see text.
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Geosystems G 3 G voir age of the ambient seawater. Conventionally a reservoir age of 400 years is assumed for most marine carbonate samples in the tropical-subtropical area. A recent study from the Arabian Sea, however, has shown that the reservoir age in surface waters varied and may have been 600 years during the Early Mid Holocene [von Rad et al., 1999] . We therefore apply a reservoir age of 600 years to convert the AMS 14 C-dates with an assumed uncertainty of ±50 years. Given the variation in reservoir age within the Arabian Sea and an offset in reservoir age of 200 years between the Arabian Sea and other ocean regions [von Rad et al., 1999] , this is a conservative assumption. Using the latest revision of the standard radiocarbon-calendar year calibration software (CALIB 4.3; details in table heading) [Stuiver et al., 1998 ] yields 2-sigma uncertainties of up to 1000 years in the calibrated calendar ages. Given these uncertainties, the resulting calibrated calendar ages for adjacent sample pairs are not significantly different (Table 1) . Although variable, there is no systematic offset of the AMS 14 C-dates in individual samples between the different foraminifera species (Table 1) as may have been expected if they were derived from different water masses or seasons. Sediment traps and net haul studies at and close to Site 905 show, however, that the three species predominantly reflect property variations at the sea surface above 50 m depth [Conan and Brummer, 2000; Peeters, 2000] , implying little expected difference in recorded AMS 14 C-ages. The variability of the conventional AMS 14 C-dates in Table 1 is therefore an unexpected result. The age variation may record factors such as differences in the timing of the calcification throughout the year (or season) or slight differences in calcification depth within the top 50 m of the water column. Given these uncertainties, we choose to improve the robustness of the dates by averaging the original individual conventional radiocarbon ages and assigning those to the midpoints of the respective depth intervals. Assuming an error of ±50 years for both the analytical determination and the reservoir age of the seawater leads to the 2-sigma uncertainties displayed in Figure 3 and Table 1 . If we had used more realistic (larger) uncertainties for both the AMS 14 C-measurement and the variation of the reservoir age, the 2-sigma levels would be much larger. None of the conclusions drawn below, however, would be affected by this alternative strategy. This treatment of the radiocarbon data is designed to stress the extreme difficulties C-dates including two sigma uncertainty ranges (see Table 1 ).
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Geochemistry Geophysics Geosystems G 3 G in obtaining radiocarbon dates from oceanic sediments to a precision better than several hundred years, even for the Early Holocene. [Neff et al., 2001, Figure 3] . In order to allow a better visual comparison, a 40 year running mean filter was applied to both records. The most obvious result in Figure 3 is that both records show highly similar patterns with only minor offsets. In order to fully assess the similarity between both records, the age model of Core 905 was graphically adjusted to that of the Hoti Cave (U-Th based) [Neff et al., 2001] . A graphical correlation of the two records is presented in Figure   3 and Figure 4 . Figure 3 shows the main correlation lines used to construct a revised tuned age model for Core 905 based on the Hoti Cave record. After tuning the age model of Core 905, all AMS 14 Cdated samples remain within error of the calibrated calendar ages. The maximum temporal offset between both records was $150 years. Figure 4 shows the resulting age model and compares the d 18 O-record of Core 905 with that of Hoti Cave. The records are strikingly similar with a correlation coefficient of r = 0.67 and demonstrate that the Early Holocene terrestrial and marine climate records in the Arabian Sea region vary in phase (Figure 4 ). Given that each data point is determined on average in triplicate (compare 1 sigma levels in Figure 2 ) and that smoothing has been applied, the similarity of the d
18
O-variabilities shown by Core 905 and Hoti Cave [Neff et al., 2001] in Figure 4 is highly significant. [Stuiver et al., 1998 ] illustrates the close correlation between variations in solar radiation and the terrestrial and marine monsoon records. The potential temperature variation implied by the d 18 O-record of Core 905 was calculated assuming a ratio of 0.23%/°C [Erez and Luz, 1983] . 18 O water and salinity [Delaygue et al., 2001; Jung et al., 2001] . Even if we were to assume an unlikely scenario with an enhanced precipitation and runoff from NE-Africa during the Early Holocene affecting the surface water properties at Site 905, the potentially induced change in d
Geochemistry Geophysics
18
O would be small. In order to assess the impact for a change between extreme boundary conditions, we assume that the maximum change in salinity would be $1.3 PSU (practical salinity unit), that is, the suggested change in salinity due to variations in the evaporation-precipitation balance between the last Glacial and the Holocene [Rostek et al., 1997] . In such a scenario a lowering of the present-day salinity of $36 PSU by 1.3 PSU is assumed to result from fluvial runoff. [Jung et al., 2001] and hence the d [11] Another long-term control of d 18 O in the ocean is the waxing and waning of continental ice sheets that preferentially store the light 16 O isotope. The vast majority of the ice shields formed during the last glaciation melted during the transition to the Holocene [Bard et al., 1996] . Minor melting, however, continued up into the Early Holocene [Bard et al., 1996, and references therein] . The general gradual decrease in the d
18 O-record of Core 905 between 11 and $8.4 ka BP is considered to be a consequence of such melting. There are no direct surface/subsurface currents that connect the regions of meltwater drainage with the Arabian Sea, and the overturning time of the oceans is between several hundred to >1000 years. Consequently, any d [12] Sediment trap data from the same location as Core 905 show that G. bulloides almost exclusively reproduces during the SW-monsoon-induced upwelling season [Conan and Brummer, 2000] . Vertical net haul data from this area indicate that G. bulloides calcifies within the top 50 m of the water column [Peeters et al., 2002] . Consequently, the d
18 O-record of G. bulloides from Core 905 predominantly reflects summer temperature variations in the matured upwelling cells at the sea surface [Kroon and Ganssen, 1989; Peeters et al., 2002] . Figure 4 shows the temperature variations implied by the d
O-record of Core 905. The most striking result is that the Early Holocene surface ocean temperature off Somalia rapidly varied by up to 2-3°C during the upwelling season. These data reinforce the conclusion made from other high-resolution studies [Bond et al., 2001; Haug et al., 2001 ] that the Early Holocene climate was locally highly variable. The almost perfect match between the d 18 Orecords of Core 905 and from Hoti Cave, however, establishes that coherent climate variability on a decadal-centennial scale was at least a regional phenomenon.
[13] The close similarity of the d 18 O-records from Core 905 and from Hoti Cave implies that the temperature variation recorded during the upwelling season in Core 905 and the variation in precipitation over Oman responded to the same forcing mechanism. Figure 4 shows a peak-topeak correlation between the atmospheric 14 C concentration [Stuiver et al., 1998; Neff et al., 2001] (as a first order proxy for variations in solar insolation) and the d
18 O-records from Core 905 and Hoti Cave. The excellent correlation between these records also implies a linkage between changes in solar insolation and temperature variations in the surface ocean off Somalia. Given the dynamics of the monsoon system, it is difficult to discriminate between potential processes involved in coupling the observed decadal scale climate records. Stalagmite evidence from Oman suggests a more northerly position of the ITCZ during insolation maxima [Neff et al., 2001] . The results of the present research links these variations to higher temperatures in upwelling waters off Somalia. Potential explanations may involve a direct heating of the ocean, a change in atmospheric circulation that interacts with the ocean, or a combination of both. In a scenario with solely insolation-induced heating of parts of the ocean, the d
O-record in Core 905 may reflect straightforward temperature variations in the source region of the upwelled subsurface waters. In such a scenario (and potential others of this type) it is, however, difficult to explain the large temperature variation recorded off Somalia by the rather subtle variations in solar insolation. The large heat capacity of the ocean would also tend to dampen the temperature change induced by insolation changes rather than amplify it.
[14] The atmosphere may respond more directly to changes in solar insolation. For example, a relationship between solar wind-magnetosphere-ionosphere-atmosphere could potentially lead to climate changes in the tropics (For a recent discussion see van Geel et al., 1999) . If we assume that changes in atmospheric circulation would have resulted in the variations observed in Core 905, (at least) two different scenarios may be possible. A more northerly position of the ITCZ during insolation maxima may imply a larger distance between low and high-pressure cells, more widely spaced isobars, and accordingly a weaker SW-monsoon. A weaker SW-monsoon would, in turn, reduce the upwelling velocity (nutrient supply) and prolong the time period between initial water upwelling and the growth period of G. bulloides. Consequently, an enhanced warming of the upwelled waters would be recorded in minima of the d
18 O-record of G. bulloides. Alternatively, an insolation maximum may have induced a more vigorous SW-monsoon that, in turn, may have resulted in a stronger mixing between the pristine upwelled cold water and the surrounding warm surface waters. An enhanced admixture of these warm waters would equally result in enhanced temperatures in the matured upwelling cells and in minima in the d
18 O-record of G. bulloides. Currently it is not possible to unambiguously relate the observed correlation between solar insolation and climate to a specific process. On the basis of its more dynamic nature, we speculate that the atmosphere would more rapidly respond to variations in solar insolation, but a (superimposed) direct effect on the ocean cannot be excluded.
[15] The scenarios discussed above involve monsoon variations occurring during summer when the climate in the Arabian Sea is controlled by the atmospheric flow between the southern and the northern hemisphere. This hemispheric link by itself suggests that at least the tropical and subtropical parts of the southern hemisphere sensitively responded to variations in solar insolation. A similar solar-forcing mechanism has been discussed in recent studies to explain the short-term variation in sediments from the N-Atlantic [Bond et al., 2001] and from South America [Lamy et al., 2001] . Together these data suggest that short-term solar insolation variations may have a global impact on Earth's climate, although locally differ- (Figure 1 ; Oman) [Neff et al., 2001 ]. These findings demonstrate that Early Holocene climate change in and around the Arabian Sea was simultaneously recorded in marine and terrestrial climate records. More research reconstructing the short-term climate history in the Arabian Sea and other regions is needed, aided by process-oriented computer simulations, to improve our understanding of the controls of short-term climate change in the region and on a global scale, respectively. 
